We study InGaAs QD laser operating simultaneously at ground (GS) and excited (ES) states under 30ns pulsed-pumping and distinguish three regimes of operation depending on the pump current and the carrier relaxation pathways. An increased current leads to an increase in ES intensity and to a decrease in GS intensity (or saturation) for low pump range, as typical for the cascade-like pathway. Both the GS and ES intensities are steadily increased for high current ranges, which prove the dominance of the direct capture pathway. The relaxation oscillations are not pronounced for these ranges. For the mediate currents, the interplay between the both pathways leads to the damped large amplitude relaxation oscillations with significant deviation of the relaxation oscillation frequency from the initial value during the pulse.
INTRODUCTION
Short pulsed laser diode operation is important for multiple applications in material processing [1] and biomedicine [2] [3] [4] because it allows lasing at pumping levels of 10s to 100s of threshold values due to reduction of the overheating effects. The devices based on self-assembled InAs quantum dots (QDs) as active media have shown significant advantages as high power pulse generators. They provide faster gain recovery, high gain efficiency and low threshold [5] . In QD lasers, the recombination of ground-state (GS) and excited-state (ES) electrons and holes allows lasing operation at both states.
For cw operation, a secondary (ES) threshold occurs at high bias, and increasing the current further, the ES output becomes the dominant at the expense of the GS transition. It eventually leads to the ES only lasing mode of operation at higher bias. The mode of operation depends significantly on the cavity length. Normally, the long (≥1mm) devices emit exclusively in the GS, 1-mm-long devices may emit simultaneously in the GS and the ES and the short (≤1mm) devices emit exclusively in the ES for all currents. This scenario has been experimentally confirmed [6] and became a subject of the intense theoretical study [7, 8] . To explain the experimental results, a rate equation model for the electron and hole populations in both the ground and excited states assumes a cascade-like (wetting layer (WL)-ES-GS) relaxation pathway for the carriers in the dot: the carriers first captured by the ES, with the followed relaxation into the GS. Recent time-resolved experiments at InGaAs/GaAs QDs semiconductor optical amplifiers indicate the existence of a direct capture relaxation pathway to GS from a 2D (WL) reservoir in electrically pumped QD structures [9] . The conclusion is based on the delayed ES population drop-off to the nonlinear GS pulse amplification that is incompatible with the dominance of the cascade-like capture/escape processes.
In this work, we experimentally examine the high power pulsed operation in an electrically pumped QD laser, and find that either the cascade-like or the direct capture relaxation pathways to GS can be dominant in InGaAs/GaAs QDs structures. For the low or the high ranges of the pump current, either the cascade-like or the direct capture pathway is dominant. For the mediate current range (0.5-1.2A), the interplay between the both pathways leads to an excitation of the large-amplitude relaxation oscillations. The oscillations appear simultaneously at GS and ES and are always damped, but can be either in-phase or anti-phase depending on the temperature conditions. The relaxation oscillations are not pronounced for the low and high ranges of the pump current with only one dominant relaxation pathway.
EXPERIMENT
Experimentally, the active region of the studied lasers included five layers of self-assembled InAs QDs grown on a GaAs substrate by molecular-beam epitaxy. The structure, with a 5.3nm thick covering layer of In0.14Ga0.86As, was processed into 4μm-wide mesa stripe devices. The device lase at either the GS (around 1265nm) or simultaneously at the GS and ES (around 1190nm) in the whole range of pump current (up to 2A). The laser had high-and antireflection coatings on the rear and front facets, and the 2mm cavity length. Short-pulsed electrical pumping was used to achieve high output power operation and avoid the effect of overheating on the output pulse shape. Pulses of ~30ns duration were obtained from a high power digital pulse source and the laser output was detected using a high-speed pin detector with a cut-off frequency of 30GHz and a 50GHz digital oscilloscope. Further details of the experiment are similar to that reported elsewhere [10] . The experimental output intensities vs current are shown in Fig.1 for different temperatures. For all temperature values, we distinguish between the regimes in relation to the pump current on the basis of the LI curves and dynamical instabilities of the outputs. For the low range of currents (up to ~ 0.4A) the laser operates exclusively in GS. The GS output pulse shape is similar to that of the pulsed pump, with relaxation oscillations frequencies being not pronounced which is typical for QD lasers [11] . The LI curve remains strictly linear, and the secondary (ES) threshold does not significantly depend on the temperature. For the high (≥ 1.2A) currents, both GS and ES LI curves are nearly linear, with the gradual simultaneous increase of the intensity vs pump current and only minor impact of the temperature change. The cascade-like pathway does not support the observation, which can only be explained by the dominance of the direct capture pathway to GS. Similar to the low current range (below the ES threshold), the lasing does not show any dynamic instabilities, and the output pulse mimics the electrical pump pulse profile. It also suggests the absence or the negligible impact of the intradot interactions on the simultaneous two state operation and supports the hypothesis of the dominance of the direct capture pathway.
For the mediate current range (above the ES threshold, but ≤ 1.2A), the interplay between both pathways leads to an excitation of the large-amplitude relaxation oscillations. The oscillations appear simultaneously at GS and ES and are always damped, but can be either in-phase or anti-phase depending on the temperature conditions as shown in Figs.2-4 .
In the cascade-like scenario for the relaxation pathway there is a current range where the intensity in GS is decreased while the intensity in ES is increased. This scenario is only partially supported in Fig.1 . The GS intensity does not start to decrease immediately after the ES threshold and the effect becomes pronounced at sufficiently higher pump currents. It can be explained by the transient dynamical instabilities which impact on the LI curves and is difficult to evaluate. We should stress that due to the anti-phase character of the instabilities, the slope of the total intensity remains largely unchanged for some ranges of current. Large amplitude weakly damped relaxation oscillations are not reported for simultaneous GS-ES cw operation. The cascade-like relaxation pathway modeling of simultaneous operation predicts significant change of the relaxation oscillation frequency which depends on a linear asymmetric combination of the two-state intensities [12] , but does not explain weak damping of the oscillations. We propose that the weak damping can be the result of complicated combination of the two pathways in which neither the cascade-like nor the direct capture are dominant.
SUMMARY
An InGaAs quantum dot laser operating simultaneously at the ground and excited states was studied in the regime of the short electrical pulse pumping. There are merely two carrier relaxation pathways in quantum dot materials: the cascadelike pathway (wetting layer (WL)-ES-GS) and the direct capture pathway (WL-GS). They determine three different regimes of operation depending on the pump current. For the low or the high ranges of the pump current, either the cascade-like pathway or the direct capture pathway is dominant, and the output pulse is stable. For the mediate current range a set of the damped large amplitude relaxation oscillations was observed. The dynamical behavior was the result of interplay between both pathways.
